Stone AJ, Copp SW, Kaufman MP. Role played by NaV 1.7 channels on thin-fiber muscle afferents in transmitting the exercise pressor reflex. Am J Physiol Regul Integr Comp Physiol 309: R1301-R1308, 2015. First published September 1, 2015; doi:10.1152/ajpregu.00246.2015.-Voltagegated sodium channels (NaV) 1.7 are highly expressed on the axons of somatic afferent neurons and are thought to play an important role in the signaling of inflammatory pain. NaV 1.7 channels are classified as tetrodotoxin (TTX)-sensitive, meaning that they are blocked by TTX concentrations of less than 300 nM. These findings prompted us to determine in decerebrated, unanesthetized rats, the role played by NaV 1.7 channels in the transmission of muscle afferent input evoking the exercise pressor reflex. We first showed that the exercise pressor reflex, which was evoked by static contraction of the triceps surae muscles, was reversibly attenuated by application of 50 nM TTX, but not 5 nM TTX, to the L4-L5 dorsal roots (control: 21 Ϯ 1 mmHg, TTX: 8 Ϯ 2 mmHg, recovery: 21 Ϯ 3 mmHg; n ϭ 6; P Ͻ 0.01). We next found that the peak pressor responses to contraction were significantly attenuated by dorsal root application of 100 nM Ssm6a, a compound that is a selective NaV 1.7 channel inhibitor. Removal of Ssm6a restored the reflex to its control level (control: 19 Ϯ 3 mmHg, Ssm6a: 10 Ϯ 1 mmHg, recovery: 19 Ϯ 4 mmHg; n ϭ 6; P Ͻ 0.05). Compound action potentials recorded from the L4 and L5 dorsal roots and evoked by single-pulse stimulation of the sciatic nerve showed that both TTX and Ssm6a attenuated input from group III, as well as group IV afferents. We conclude that NaV 1.7 channels play a role in the thin-fiber muscle afferent pathway evoking the exercise pressor reflex.
channels are those that are not blocked by TTX concentrations of 300 nM (21) . NaV 1.7 channels, which are TTX-s, are found on both thinly myelinated, as well as unmyelinated afferents (8) .
Knocking down NaV 1.7 channels in animals abolishes hyperalgesia (33) . Similarly, humans without NaV 1.7 channels display a congenital indifference to pain; nevertheless, these individuals still perceive hot and cold stimuli (6, 9) . On the other hand, gain-of-function mutations of NaV 1.7 channels in humans cause intolerable pain (6) . Additionally, NaV 1.7 channel proteins in DRG neurons are upregulated in neuropathic pain models (3) . Considered together, these studies raise the possibility that NaV 1.7 channels, which are found on A␦-and C-fibers (8) , play a large role in the afferent transmission of the exercise pressor reflex. Therefore, we were prompted to determine the role played by TTX-s NaV 1.7 channels in transmitting the exercise pressor reflex, as well as to determine whether NaV 1.7 channels were transmitting the reflex primarily through A␦-fibers and/or C-fibers.
MATERIALS AND METHODS
All procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the Pennsylvania State University College of Medicine. Adult male rats (Sprague-Dawley, n ϭ 27, weighing 464 Ϯ 9 g) were used in this study.
General Surgery
Rats were initially anesthetized with a mixture of 4% isoflurane and 100% oxygen. The trachea was cannulated, after which the lungs were mechanically ventilated (Harvard Apparatus) with the anesthetic mixture. The right jugular vein and right carotid artery were cannulated. Arterial blood pressure was measured by attaching the carotid arterial catheter to a pressure transducer (model P23 XL; Statham); heart rate was calculated beat to beat from the arterial pressure pulse (Gould Biotach). Arterial blood gases and pH were measured using an automated blood-gas analyzer (model ABL 80 FLEX; Radiometer). PCO 2 and arterial pH were maintained within normal physiological range by either adjusting ventilation or intravenous administration of sodium bicarbonate (8.5%). Core body temperature was monitored using a rectal temperature probe and maintained at 37-38°C using a heat lamp.
A laminectomy was performed from L1 to L5 to expose the spinal cord and the lower lumbar roots. The rats were then secured in a Kopf spinal frame by clamps placed on the pelvis and rostral lumbar vertebrae. The incised skin on the back was used to form the walls of a pool that was filled with warm (37°C) mineral oil. The dura was opened, and the L4 and L5 dorsal roots on the left side of the rat were isolated. Space for a small pool was formed by placing a longitudinally halved plastic tube (6 mm in length and 3 mm in transverse diameter) under the L4 and L5 dorsal roots. Before placing the tube under the dorsal roots, we soaked the tube in cytochrome c (100 g/ml) overnight to prevent either TTX or Ssm6a from adhering to its sides. Both proximal and distal ends of the tube were sealed with Kwik-Sil (World Precision Instruments). Immediately after the KwikSil solidified, the pool was filled with 50 l lactated Ringer solution. The left calcaneal bone was sectioned, attached to a force transducer (FT-10, Grass), and, in turn, attached to a rack and pinion. The sciatic nerve was isolated for placement of the stimulating electrode.
A precollicular decerebration was performed by sectioning the brain less than 1 mm anterior to the superior colliculi. Dexamethasone (0.2 mg) was injected intravenously prior to the decerebration procedure to minimize brain stem edema. All neural tissue rostral to the section was removed. To minimize bleeding, small pieces of oxidized regenerated cellulose (Ethicon, Johnson and Johnson) were placed on the internal skull surface, and the cranial cavity was packed with gauze. Immediately after the precollicular transection, gas anesthesia was discontinued and the rats' lungs were ventilated mechanically with room air. After decerebration, the rats were allowed to stabilize for at least 1 h before any experimental protocol was initiated.
Experimental Protocols
Static contraction. A shielded stimulating electrode was placed underneath the exposed sciatic nerve. Baseline tension was set between 50 and 100 g. The triceps surae muscles were statically contracted by stimulating (40 Hz, 0.01 ms, Յ2 times motor threshold) the sciatic nerve for 30 s. Ten minutes after the initial static contraction, either TTX (5 nM or 50 nM) or Ssm6a (100 nM), a selective NaV 1.7 antagonist (32), replaced the lactated Ringer solution in the pool surrounding L4 and L5 dorsal roots. Twenty minutes after TTX or five min after Ssm6a, the triceps surae muscles were statically contracted again. The drugs were then washed out by rinsing the pool several times with lactated Ringer over a period of 20 -60 min. Following the washout of drugs, the triceps surae muscles were again statically contracted to determine whether the exercise pressor reflex was restored. Mean arterial pressure, heart rate, and developed tension were recorded before and during each static contraction. At the end of the protocol, the rat was paralyzed with pancuronium bromide (1 mg/kg iv), and the sciatic nerve was stimulated with the same parameters as those used to statically contract the triceps surae muscles. This procedure was done to ensure that the contractioninduced pressor responses were not evoked by electrical stimulation of group III and IV axons in the sciatic nerve.
Compound action potentials. Compound action potentials evoked by stimulating the sciatic nerve were recorded from L4 and L5 dorsal roots. The L4 and L5 dorsal roots were sectioned at their point of entry into the spinal cord and divided into large rootlets. The distal end of one rootlet at a time was placed on one foot of a bipolar hook electrode. The other foot was grounded to the rat with a thin salinesoaked wick. The rats were paralyzed with pancuronium bromide (1 mg/kg iv followed by supplemental doses of 0.2 mg/kg every 30 min). The sciatic nerve was then stimulated using shielded hook electrodes at 0.3 Hz (square-wave pulse of 0.1-1-ms duration and supramaximal voltage). The evoked compound action potentials were passed through a high-impedance probe (model HIP 511; Grass Instruments), amplified, and filtered (0.3-1 kHz; model P511; Grass Instruments). The compound action potentials were displayed on a storage oscilloscope (model HP 54603B) and analyzed using Spike 2 software [Cambridge Electronic Design (CED)]. The A␦-(i.e., group III afferents) and C-(i.e., group IV afferents) waves were averaged for 10 stimulus presentations, and then the areas under the waves were integrated (Spike 2). The same method of analysis was used when the areas under the A␣/␤ waves were assessed. The A␦ wave was defined as a compound action potential conducting between 10 and 1.6 m/s, and the C wave was defined as a compound action potential conducting between 1.5 m/s and 0.5 m/s. The signal-to-noise ratio of the C-fiber wave was low due to temporal dispersion. Next, either TTX (50 nM) or Ssm6a (100 nM) replaced the lactated Ringer in the small pool surrounding L4 and L5 dorsal roots. Compound action potentials were again evoked by stimulating the sciatic nerve using the same parameters as before. Last, 2% lidocaine replaced either TTX or Ssm6a in the small pool, and compound action potentials were again evoked using the same parameters as before. The conduction distance between the stimulating electrode on the sciatic nerve and the recording electrode on the lumbar dorsal root averaged 77 Ϯ 2 mm (n ϭ 10). Our calculation of conduction velocity did not take into account any changes along the path from sciatic nerve to the dorsal root (29, 30) .
Data Analysis
All data were recorded continuously with a Spike 2 data acquisition system (CED) and analyzed using GraphPad Prism software. In the static contraction experiments, baselines, as well as reflex changes in mean arterial pressure, heart rate, and developed tension, were determined. Mean arterial pressure was calculated beat to beat by the Spike 2 system. The peak pressor and cardioaccelerator responses to static contraction were compared with their respective baseline levels and were analyzed using a repeated-measures, one-way ANOVA for three time points, namely before the drugs were applied to the dorsal roots (control), while the drugs were applied to the dorsal roots (TTX or Ssm6a), and after drugs were washed out from the dorsal roots (recovery). Differences among time points were identified using Tukey's post hoc analysis. Mean arterial pressure (MAP) is expressed in millimeters mercury (mmHg), and heart rate (HR) is expressed in beats per minute (bpm). The tension-time index (TTI) was calculated by integrating the area between the tension trace and the baseline level and is expressed in kilogram seconds (kg·s) (17) .
In the compound action potential experiments, the areas under the averaged wave forms evoked by stimulating the sciatic nerve were recorded and presented as a percent change from before drug (control) values. These percent change values were analyzed using a repeatedmeasures one-way ANOVA for three time points, namely, before the drugs were applied to the dorsal roots (control), while TTX or Ssm6a were applied to the dorsal roots, and while lidocaine was applied to the dorsal roots. Differences among time points were identified using Tukey's post hoc analysis. All values are expressed as means Ϯ SE. The criterion for statistical significance was set as P Ͻ 0.05.
RESULTS

Static Contraction
TTX (5 nM, n ϭ 5) applied topically to the small pool bathing the L4 and L5 dorsal roots, had no effect on the peak pressor response to static contraction of the triceps surae muscles, whereas TTX (50 nM, n ϭ 6) significantly attenuated the peak pressor response (Fig. 1, A and D, respectively) . The peak pressor response was almost completely restored following the washout of TTX from the bath (Fig. 1D) . TTX (5 nM) had no effect on cardioaccelerator response to static contraction, whereas TTX (50 nM) slightly, though significantly, attenuated the response (Fig. 1, B and E, respectively). The cardioaccelerator response was partially restored following the washout of TTX from the bath (Fig. 1E ). TTIs were not significantly different from control contraction to TTX contraction for either 5 nM TTX or 50 nM TTX, P Ͼ 0.05 ( Fig. 1  C and F, respectively) .
Ssm6a (100 nM, n ϭ 6) significantly attenuated the peak pressor response to static contraction ( Fig. 2A) . Additionally, the peak pressor response was almost completely restored following the washout of Ssm6a from the bath (Fig. 2A) . Ssm6a had no effect on the cardioaccelerator response to static contraction (Fig. 2B ). TTIs were not significantly different between control contraction and Ssm6a contraction (Fig. 2C) . Stimulation of the sciatic nerve after paralyzing the rats with pancuronium bromide had no effect on either arterial pressure or heart rate. 
Compound Action Potentials
The effect of TTX (50 nM) on the compound action potential evoked by single-pulse supramaximal stimulation of the sciatic nerve was determined in five rats. Both TTX (50 nM) and lidocaine (2%) blocked the A␦-wave and C-wave in each of the five rats tested (Fig. 3) . On average, TTX (50 nM) blocked 47 Ϯ 16% (P Ͻ 0.05) of the action potentials arising from group III afferents (A␦-wave; Fig. 4B ), and 37 Ϯ 16% (P Ͻ 0.05) of the action potentials arising from group IV afferents (C-wave; Fig. 4C ). Additionally, lidocaine (2%) almost completely abolished (P Ͻ 0.05) the remaining group III and IV action potentials following TTX (50 nM) in each of the four rats tested (Fig. 4, A and B) .
The effect of Ssm6a (100 nM) on the compound action potential evoked by supramaximal stimulation of the sciatic nerve was determined in an additional five rats. Both Ssm6a (100 nM) and lidocaine (2%) significantly blocked the A␦-wave (Fig. 5A ) and C-wave (Fig. 5B) in each of the five rats tested. On average, Ssm6a blocked 54 Ϯ 4% (P Ͻ 0.05) of the action potentials arising from group III afferents (A␦-wave; Fig. 6B ) and 63 Ϯ 12% (P Ͻ 0.05) of the action potentials arising from group IV afferents (C-wave; Fig. 6C ). Additionally, lidocaine (2%) almost abolished (P Ͻ 0.05) the remaining group III and IV action potentials following Ssm6a in each of the five rats tested.
The effect of Ssm6a on the A␣/␤ component (Fig. 6C ) of the compound action potential evoked by supramaximal stimulation of the sciatic nerve was also determined in the five rats in which Ssm6a was topically applied to the dorsal roots. In two rats, the A␣/␤-wave increased after application of Ssm6a, in two others, the A␣/␤-wave decreased and in the remaining one, the wave was unchanged. On average (n ϭ 5), Ssm6a decreased the A␣/␤-wave by 25 Ϯ 20%, an amount that did not approach statistical significance (P ϭ 0.49). 
(ms) Fig. 3 . The compound action potential evoked by a single stimulus presentation to the sciatic nerve. The A␦ wave conducted between 10 and 1.5 m/s, whereas the C-wave conducted between 1.5 and 0.5 m/s. For this filament, which was dissected from the L5 dorsal root, both the A␦ wave (peak around 10 m/s) and C-wave (peak between 0.9 m/s and 0.6 m/s) were reduced when TTX (50 nM) was applied to the pool and abolished when lidocaine (2%) was applied to the pool. 
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TRANSMITTING THE EXERCISE PRESSOR REFLEX THROUGH NAV 1.7 CHANNELS decerebrated unanesthetized rat attenuated the exercise pressor reflex that was evoked by static contraction of the triceps surae muscles (28). The upper limit of the concentration of TTX that blocks only TTX-s channels is 300 nM (21); consequently, our previous work offers no information about the roles played by TTX-s channels and, more specifically, NaV 1.7 channels in transmitting the afferent information that evokes the exercise pressor reflex. Our present work, in contrast, provides evidence consistent with the hypothesis that NaV 1.7 channels play a role in transmitting information arising from the contractioninduced stimulation of group III and IV afferent endings in the triceps surae muscles. Specifically, we found that TTX in a concentration of 50 nM, which is obviously well below the upper limit of 300 nM, substantially attenuated the exercise pressor reflex. In addition, we found that a NaV 1.7 channel antagonist, Ssm6a, also attenuated the reflex. We found that the attenuating effects of both TTX and Ssm6a on the exercise pressor reflex were reversible (Ref. 28 and present findings). The significance of this finding is that it offers incontrovertible proof that the increases in arterial pressure that were evoked by static contraction of the triceps surae muscles were reflex in origin. Frequently, the reflex origin of the exercise pressor reflex is demonstrated by showing that sectioning the dorsal roots-the afferent pathway of the reflex-abolishes or greatly reduces it. Although sectioning of the dorsal roots is an acceptable method of demonstrating that the contraction-induced pressor and cardioaccelerator responses to contraction are reflex in origin, sectioning does not exclude the possibility that these cardiovascular responses to contraction would lessen as the decerebrate preparation deteriorates over time.
Any conclusions drawn from our findings must be limited to the site of application of TTX and Ssm6a, namely the lumbar dorsal roots. NaV 1.7 channels have been found on the axons of rat A␦ and C fibers, as they travel through the dorsal roots, the site where we applied both TTX and Ssm6a (2) . In addition, NaV 1.7 channels have been found on cutaneous sensory endings, as well as on their terminals in the spinal dorsal horn (2, 18) . Therefore, we think that it is reasonable to speculate that these TTX-s channels would also be found on both the sensory and spinal endings of the thin-fiber muscle afferents whose stimulation by contraction evokes the exercise pressor reflex. As of yet, no in vivo method is available that enables one to apply TTX and Ssm6a in concentrations known to be selective for NaV 1.7 channels onto these spinal or sensory endings while hind limb muscles are contracted. Although application of known concentrations of these sodium channel blockers might be possible in an ex vivo preparation (10), statically contracting skeletal muscles that are not perfused with hemoglobin would most likely result in severe tissue hypoxia, thereby distorting the findings.
Our use of 50 nM TTX enabled us to conclude that TTX-s channels on the dorsal roots played a major role in transmitting the afferent input evoking the exercise pressor reflex. Nevertheless, our use of 50 nM TTX did not allow us to identify the particular TTX-s channel that was playing this role. To shed light on this issue, Ssm6a, an antagonist of NaV 1.7 channels, was applied to the dorsal roots (32) . When tested in human embryonic kidney 293 (HEK 293) cells transfected for the nine sodium channels found in humans, Ssm6a was found to be at least 150 times more selective for the NaV 1.7 channel than for any of the other sodium channels except for the NaV 1.2 channel, for which the selectivity of Ssm6a was more than 32-fold (32). The NaV 1.2 channel is embryonic (22) and probably does not play a role in afferent transmission in the adult rat. Moreover, the NaV 1.2 channel, as well as the NaV 1.1 and NaV 1.3 channels, has been recently shown to play no role in the A-fiber compound action potential evoked by electrical stimulation of the rat sciatic nerve (31) .
We were particularly interested in comparing the IC 50 s of Ssm6a for the NaV 1.6 and 1.7 channels, both of which have been localized on DRG cells innervating the triceps surae muscles of rats (8, 19) . The NaV 1.6 channel is highly concentrated at the node of Ranvier (4) and, therefore, could play an important role in transmitting information arising from group III afferents, which are thinly myelinated. The IC 50 s for Ssm6a for the NaV 1.7 channel in HEK 293 cells were 25.4 nM, whereas the IC 50 for the NaV 1.6 channel was 15.2 M (32). In other words, Ssm6a in HEK 293 cells was almost 600 times more selective for the NaV 1.7 channel than for the NaV 1.6 channel. To the extent that one can extend information obtained from transfected HEK 293 cells to an in vivo preparation, our findings suggest that Ssm6a blocked NaV 1.7 channels rather than NaV 1.6 channels.
Evidence exists indicating that both thinly myelinated and unmyelinated afferents possess TTX-s NaV 1.7 channels (2) (8). In our experiments, we, therefore, needed to determine whether TTX and Ssm6a attenuated the exercise pressor reflex by reducing group III and/or group IV afferent input to the dorsal horn of the spinal cord. To make this determination, we recorded the compound action potential that was evoked by single-pulse electrical stimulation of the sciatic nerve before and after placing TTX or Ssm6a onto the L4 and L5 dorsal roots. The A␦ component of the compound action potential represented activity evoked from group III muscle afferents, but it also included activity evoked from skin and joint afferents, with the same range of conduction velocities as that of group III muscle afferents. Likewise, the C component of the compound action potential represented activity evoked from group IV muscle afferents, as well as activity evoked from skin and joint afferents with the same range of conduction velocities. We found that both TTX (50 nM), as well as Ssm6a (100 nM), applied to the L4 and L5 dorsal roots, attenuated both the A␦-and C-fiber components of the compound action potential. This finding leads us to conclude that NaV 1.7 channels on the axons of both group III and IV muscle afferents play an important role in transmitting afferent information evoking the exercise pressor reflex. Comparisons determining whether NaV 1.7 channels play more of a role in transmitting impulses along the axons of group III afferents than in transmitting impulses along the axons of group IV afferents are probably best accomplished by recording the impulse activity of single fibers rather than recording compound action potentials, which in our experiments were not specific to muscle afferents and whose amplitudes are dependent on filament thickness.
We need to stress that our conclusion concerning the role played in NaV 1.7 channels in evoking the exercise pressor reflex does not exclude a role for other sodium channels. Particular attention should be paid to both NaV 1.6, which is TTX-s, and NaV 1.8, which is TTX-r. The concentration of TTX needed to block the NaV 1.6 channel is similar to that needed to block the NaV 1.7 channel, and as a result caused us to use Ssm6a. The NaV 1.6 channel is significant because it is thought to be responsible for a resurgent current, which, in turn, can cause repetitive discharge in myelinated afferents (23) . The NaV 1.8 channel is significant because it is likely to be responsible for much of the current generating action potentials in the cell bodies of group IV muscle afferents (19, 20) .
Any interpretation of our findings needs to be done with two limitations in mind. The first concerns the effect of Ssm6a on NaV 1.6 channels. Although Ssm6a was found in HEK 293 cells to be almost 600 times more effective in blocking NaV 1.7 channels than in blocking NaV 1.6 channels, Ssm6a, in the concentration used in our in vivo experiments, decreased the A␣/␤ component of the compound action potential evoked by sciatic nerve stimulation in two of five rats tested. This finding is relevant because NaV 1.7 channels are not present on thickly myelinated dorsal root axons (2), whose electrical activity comprises the A␣/␤ component of the compound action potential. Consequently, we cannot completely rule out an effect of Ssm6a on NaV 1.6 channels as a contributing factor in the reduction of the exercise pressor reflex that we observed. Nevertheless, we would like to emphasize that the overall effect of Ssm6a on the A␣/␤ component of the compound action potential evoked by sciatic nerve stimulation did not approach significance (i.e., P Ͻ 0.49). A second limitation is that our experiments do not clearly distinguish between the contraction-induced activation of nociceptors responding to either ischemia or noxious mechanical distortion of their receptive fields and the contraction-induced activation of afferents responsive to nonnoxious mechanical and metabolic stimuli. Nevertheless, some recent findings from our laboratory in decerebrated rats with freely perfused triceps surae muscles (26) might enable us to shed some speculative light on this issue. We found that group III afferents appeared to be more responsive to 30 s of static contraction than were group IV afferents to 30 s of static contraction. Moreover, group III afferents were more responsive to nonnoxious mechanical stimuli, such as tendon stretch and probing their receptive fields, than were group IV afferents (26) . Our electrophysiological findings concerning the group III and IV afferents' responses to the same stimulus as that used in the present experiments to evoke the exercise pressor reflex raise the possibility that for the most part, we were stimulating afferents that were not nociceptors.
Perspectives and Significance
We have shown that NaV 1.7 channels on the dorsal root axons of both group III and IV muscle afferents play an important role in the transmission of information evoking the exercise pressor reflex in healthy rats with freely perfused muscles. This reflex is known to be exaggerated in several pathophysiological conditions, including simulated peripheral artery disease (27) , heart failure (24), and hypertension (25) , and over time may be at least, in part, responsible for adverse cardiac events, including fibrillation. Part of this exaggeration may be caused by an increase in NaV 1.7 channels on group III and IV muscle afferents.
